Abstract Micro-/nanocrystalline diamond films deposited in Ar/H2/CH4 microwave plasmas have been studied, with argon flow rates in the range of 70-100 sccm. The effects of argon addition on morphology, surface roughness, quality and structure were investigated by scanning electron microscopy, surface profiler, Raman spectrometer and X-ray diffraction (XRD). It is demonstrated that when the argon flow rate is 70 sccm or 75 sccm, well-faceted polycrystalline diamond films can be grown at a low substrate temperature less than 610 o C. With the increase in the argon flow rate, the smooth crystallographic planes disappear gradually. Instead, rough crystallographic planes made up of small aggregates begin to take shape, resulting from the increase in the secondary nucleation rate. Nanocrystalline diamond films were obtained at a flow rate of 100 sccm, and all of the prepared diamond films were smooth, with a surface roughness (Ra) less than 20 nm. Raman analyses reveal that the amount of amorphous carbon increases significantly with the increase in argon flow. The results of XRD show that crystalline size and preferential orientation of diamond films depend on the argon content in the plasmas.
Effect of Argon Addition on Morphology and Structure of Diamond
Films (from Microcrystalline to Nanocrystalline) * LV 
Introduction
Diamond has been regarded as one of the most valuable materials for different types of engineering applications due to its exceptional mechanical, electrical, thermal, optical and acoustic properties. Conventionally, CH 4 and H 2 are used to grow chemical vapor deposition (CVD) diamond, and these films normally possess large grain size and columnar structure. Since Gruen et al. [1] synthesized nanocrystalline diamond films from C 60 /Ar plasma in the early 1990 s, many researchers have shifted their emphasis from microcrystalline diamond to nanocrystalline diamond, in view of the unique physical and chemical properties of nanocrystalline diamond [2−4] . Owing to the high renucleation rate, nanocrystalline diamond films possess very small grain sizes and abrupt grain boundaries, without columnar growth habits [5] . Therefore, it is significant to carry out deeper systematic research on the preparation and characterization of diamond films.
Many efforts have been made to control the morphology, quality and structure of diamond films by adding moderate noble gas [6−8] . For example, during the preparation of polycrystalline diamond, a small amount of nitrogen addition into CH 4 /H 2 plasma can contribute to the formation of 'cauliflower-like' morphology because of the appearance of (100) texture [9] . A large amount of added nitrogen leads to the formation of nanocrystalline diamond and an increase in graphite [10] . In addition, the effects of argon addition on nanocrystalline diamond deposition by hotfilament chemical vapor deposition (HFCVD) or microwave plasma chemical vapor deposition (MPCVD) have also been investigated widely [11−13] . Argon addition into CH 4 /H 2 gas mixture causes additional ionization and helps to reduce the grain size and surface roughness. However, we found few investigations that concentrated on the growth of both microcrystalline diamond and nanocrystalline diamond and expressed them as functions of argon addition. Among these, Yang et al. [14] analyzed the influence of different Ar/H 2 ratios on the grain size and growth rate at a substrate temperature of 900 o C. Zhou et al. [15] studied the effect of different Ar/H 2 ratios on crystal orientation and growth mechanism at a substrate temperature of 800 o C. Lin and Yu [16] reported the influence of argon addition on the morphology and quality of diamond films grown at a substrate temperature of 870 o C * supported by National Natural Science Foundation of China (No. 11175137) to 900 o C. It is well known that the relationship between the growth parameters and film properties for a low deposition temperature is different from that for conventional high deposition temperature, due to the decline in atomic hydrogen and active carbon groups. However, there are no reports which focused on the effect of argon addition on the growth of both microcrystalline diamond and nanocrystalline diamond films for a low deposition temperature (less than 610 o C).
In this paper, the effects of argon addition on the deposition of diamond films were observed in a 2.0 kW MPCVD reactor. Well-faceted microcrystalline and nanocrystalline diamond films were obtained by simply modifying the flow rates of argon, while keeping the other factors constant (except temperature controlling). The effect of argon addition on the surface morphology and orientation of prepared diamond films was systematically researched.
Experimental details
N-type<100>-oriented single crystal silicon wafers with single side polishing were used for diamond deposition. Films were prepared from argon-rich CH 4 /H 2 /Ar gas mixture in a commercial 2.0 kW MPCVD reactor with output microwave frequency 2.45 GHz (model: R2.0, Woosinent Tech.). To enhance diamond nucleation, the adopted pretreatment consisted of the following steps: first, Si substrates covered in diamond grinding fluid were polished for 20 min on the pads, then the microcrystalline diamond powders with an average grain size of 0.5 μm were dispersed in methanol. Second, the substrates were ultrasonically abraded for 30 min in a suspension of nanocrystalline diamond powders with a grain size of 5 nm in acetone [17] . Then the substrates were ultrasonically cleaned in deionized water and acetone, each for 10 min. Finally, the substrates were dried in a nitrogen gas blower before being placed into the chamber. During the deposition process, the substrate temperature was monitored with a thermocouple in contact with the reverse side of the Mo substrate holder. Deposition parameters are listed in Table 1 .
A JSM-5510LV scanning electron microscope (SEM), an Alpha-Step IQ surface profiler and Renishaw RM-1000 Raman spectroscopy with a 632 nm Ar + laser were used to characterize the morphology, surface roughness and phase composition. Falcon X-ray diffraction (XRD) with Cu K α radiation was applied to investigate the crystallographic texture. The starting and ending angles (2θ) for XRD were 30 o -120 o .
Results and discussion
Fig . 1 shows the SEM images taken on the surfaces of prepared films A to E. From Fig. 1(a)-(d) , it is clear that these films are triangle-faceted and (111) diamond dominated, indicating the microcrystalline characteristics of the samples. The grain sizes of these films are in the range between 0.5 μm and 1.2 μm. Compared with the microcrystalline diamond deposited from the Ar/H 2 /CH 4 gas feed system at high temperature (with grain sizes greater than 2 μm), the average grain size of these films is smaller. The reason is that the energy is not high enough to enhance grain growth at low temperature.
For samples A, C and D, it is found that their gross morphologies are similar; nevertheless, a main difference is that sample A is composed of smooth wellfaceted (111) crystalline surfaces, whereas for samples C and D, many small aggregates appear on large crystallites because of secondary nucleation, showing degradation of crystalline quality.
For sample B (as marked by the cycles in Fig. 1(b) ), the formation of butterfly-like morphology, which is made up of smooth (111) and (100) crystalline surfaces, can be explained by twin defects that occur on (111) faces which lead to an alpha parameter higher than 3 [18] . The formation of twin defects most likely results from microscopic differences in the pretreatment. When the argon flow rate is raised to 100 sccm, faceted micron-size crystals disappeared, and the crystallite size is reduced to the nanometer scale, as shown in Fig. 1(e) . It is also noted that the decrease in substrate temperature induced by argon addition may also lead to the reduction in crystalline size. Fig. 2 shows the profile of surface roughness of the prepared films deposited with different argon flow rates. The surface roughness (Ra) of these samples is 17.0 nm, 12.3 nm, 19.3 nm, 19.9 nm and 9.8 nm for A, B, C, D and E, respectively. On the whole, these films are smooth. Although there is little difference in the thickness uniformity of microcrystalline diamond films, it is easy to see that film B is the smoother one, as compared with films A, C and D. This result indicates that the formation of twin defects contributes to improving the surface smoothness. When the argon flow rate is 100 sccm, the surface roughness decreases notably, largely due to nanometer-sized diamond grains. Fig. 3(a) shows the visible Raman spectra of the films deposited at different argon flow rates. From the plots of the Raman spectra of samples A to D, it is easy to find that polycrystalline diamond films grown with the Ar/H 2 /CH 4 gas feed system possess a broad peak at 1332 cm −1 , instead of a sharp peak. The reason can be summarized as follows. The Raman signal amplitude of the amorphous carbon is 50 times higher Fig.3 Raman spectra of the prepared films deposited at different argon flow rates than that of the diamond phase for the same amount of each phase, and microcrystalline diamond films grown in argon-rich plasma present relatively higher amorphous carbon content. From films A to E, the diamond peak gradually becomes unclear, indicating that the crystalline qualities of the films are decreased. For film E, both the diamond peak and graphite peak disappear or are overlapped by the D peak of the amorphous carbon around 1350 cm −1 due to the increase in amorphous carbon content, evidencing the film with the lowest diamond phase purity. This is likely to be explained by the fact that owing to the decline of atomic hydrogen activities and atomic hydrogen quantities caused by high argon concentration and decreasing substrate temperature, the amorphous carbon phase cannot be effectively etched. Fig. 4 shows X-ray diffraction patterns of the prepared films deposited at different argon flow rates with 2θ ranging from 30 o to 120 o . The three major diffraction peaks of diamond (111), (220) and (311) with different intensities are detected. For films A, C and D, the (111) diffraction peak is much stronger than the (220) diffraction peak, indicating that these films have distinct (111) preferential growth. This is consistent with the fact that the films are composed of crystallites with (111) planes dominating, as illustrated in Fig. 1(a), (c) and (d). For sample B, the intensity ratio between (220) and (111) is stronger than that for other samples, and the (311) peak has little difference compared with other samples. For the abnormality of film B, it could be considered as the influence of twin defects arising from pretreatment microscopic differences. From films A, C and D, it can be concluded that the crystal orientation of microcrystalline diamond is more inclined to (111) preferential growth at low Ar concentration. This result agrees well with other researchers' work [14] . It is noticeable that with the increase in argon flow rates, the (111) diffraction peak was broadened, indicating the decrease in average grain sizes. Moreover, the average crystallite size can be calculated by Scherrer's equation [14, 19] 
, where λ ≈0.154056 nm, K=0.89, and B and b are the half-maximum width of the (111) diffraction peak and instrument, respectively. For film E, a much broader (111) diffraction peak is observed, implying that nanocrystalline diamonds were formed, and the estimated result of grain size was approximately 68 nm. In addition, the intensity of the (220) diffraction peak is higher than the (111) diffraction peak in film E, demonstrating that diamond crystallites are inclined to orient with the (110) crystallographic planes parallel to the substrate surface when their sizes turn into nanoscale [15] . The relationship between the average crystalline size [estimated from the fast wavelet transform for high accuracy (FWTH) of the (111) diffraction peak], the argon volume concentration and surface roughness of diamond films is summarized in Fig. 5 . It can be observed in Fig. 5 that there is little difference in the surface roughness of microcrystalline diamond films, and that nanocrystalline diamond films possess a relatively low surface roughness (Ra <10 nm). In addition, the average crystalline size decreases with increasing argon concentration. In combination with the observation in Fig. 1 , it can be confirmed that the decrease in the average crystalline size is closely connected with the Ar concentration which leads to the reduction in large grain sizes and the formation of more secondary small crystallites. Significantly, it is worth discussing the mechanism of how argon addition affects the grain sizes. It is well known that the mechanism of diamond growth is discrepant in different microwave plasmas. In a hydrogen-rich environment, methyl radicals are generally considered to be the main growth group. In accordance with the methyl growth mechanism, methyl radicals are directly related to grain growth and secondary nucleation [20] . Atomic hydrogen also plays an important role in diamond growth, including abstracting and recombination of bonded hydrogen, and etching of sp 2 carbon on the growing surface in CH 4 /H 2 plasma [21] . However, in an argon-rich environment, when Ar content exceeded 60% [15] , the formation of carbon dimer was detected by optical emission spectra, so C 2 is believed to be responsible for diamond growth by many researchers [22−24] . The carbon dimer growth mechanism on the (110) plane of diamond, which was put forward by Belton and Harris [25] , has been regarded as the dominant diamond growth theory in the Ar/H 2 /CH 4 system. There is no doubt that C 2 radicals correlate to secondary nucleation during the diamond growth in the Ar/H 2 system. However, the view of C 2 radicals associated with grain growth is still a matter of controversy. For instance, Liu et al. [26] proposed that grain growth depends on the concentration of C 2 radicals and atomic hydrogen, and the atomic hydrogen saturation can result in the transition from micron grain to nanometer grain growth. However, Sharma et al. [27] considered that CH x radicals instead of C 2 radicals as the growth precursor were responsible for the grain growth. The more CH x radicals are produced, the less C 2 radicals are available, thus the grain sizes are increased and vice versa. Each of the mechanisms of diamond crystal growth seems to explain the transition from microcrystalline diamond to nanocrystalline diamond with the increase in argon flow rates. Considering the film growth at substrate temperatures less than 610 o C, there is not enough evidence to confirm the existence of CH x but C 2 under the condition of low temperature and high argon content [28] . In view of the high exothermicity and low activation barriers (less than 5 kcal/mol) for C 2 addition into (110) [29] , C 2 is better for depositing diamond at a low temperature without the surface hydrogen abstraction step. Hence, the theory of Sharma et al. can better account for the variation in crystalline sizes in this experiment.
Conclusion
The effect of argon concentration on diamond growth is investigated at a low substrate temperature in a commercial 2.0 kW MPCVD reactor. For the deposited diamond films, the morphology, surface roughness, quality and structure were examined by SEM, surface profiler, Raman and XRD. The experimental results demonstrate that the increase in the argon flow rate can result in a decrease in substrate temperature and crystalline sizes when the power, pressure and flow rates of methane and hydrogen are kept constant. In addition, the microcrystalline diamond films obtained at low Ar concentration are more inclined to (111) preferential growth and possess low surface roughness. It was also observed that with the increase in argon flow rates, the qualities of prepared diamond films deteriorate because of the increase in amorphous carbon content.
